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(57) ABSTRACT

A recerver which suppresses inter-cluster multipath interfer-
ence by processing an impulse channel response consisting
of two multipath clusters, each cluster having groups of
signals with multiple delays. In one embodiment, the
receiver includes a single antenna and parallel-connected
delay units used to align the groups of signals before being
input 1into respective sliding window equalizers. The outputs
of the equalizers are combined at chip level via a combiner
which provides a single output. In another embodiment, a
cluster multipath interference suppression (CMIS) circuit 1s
incorporated into the receiver. The CMIS circuit includes a
hard decision unmit and a plurality of signal regeneration units
to generate replicas of the multipath clusters. The replicas
are subtracted from the respective outputs of the delay units
and the results are input to the respective sliding window
equalizers. In another embodiment, multiple antennas are
used to receive and process the clusters.

18 Claims, 4 Drawing Sheets
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HIGH PERFORMANCE WIRELLESS
RECEIVER WITH CLUSTER MULTIPATH
INTERFERENCE SUPPRESSION CIRCUIT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 10/889,939 filed Jul. 13, 2004, now U.S. Pat.
No. 7,010,070 which 1n turn claims priority from U.S.
Provisional Application No. 60/487,148, filed Jul. 14, 2003,
and U.S. Provisional Application No. 60/541,670, filed Feb.

4, 2004, which are incorporated by reference as 1 fully set
forth.

FIELD OF THE INVENTION

The present invention relates to the field of wireless
communications. More specifically, the present invention
relates to a code division multiple access (CDMA) recetrver
for processing a wireless fading channel.

BACKGROUND

For wireless mobile applications using a CDMA air
interface, a Rake receiver with a simple receiver structure 1s
commonly used. The Rake receiver despreads each multi-
path component independently and treats other multipaths as
noise. Therefore, the Rake receiver sullers performance loss,
in particular when the spreading factor 1s small. In order to
achieve better performance, other receiver designs have to
be used.

As shown 1 FIG. 1A, a typical chip-level equalizer 105
may be used to equalize a recerver channel 110 and generate
chip samples 1135 with suppressed multipath interference for
input into a despreader 120, resulting in 1improved receiver
performance. The despreader 120, in FIG. 1A, uses a single
spreading code 1235. Alternatively, as shown i FIG. 1B,
multiple, such as two despreaders 120A, 120B, using
respective spreading codes 1235A, 125B, may be used in
conjunction with the chip-level despreader 103.

The chip-level equalizer 105 may have different imple-
mentations, such as using a minmmum mean-square error
(MMSE) criteria or a zero forcing (ZF) criteria. Since the
MMSE equalizer typically performs better than the ZF
equalizer, the MMSE equalizer 1s more commonly used,
although ZF equalizers may be used.

It 1s desirable to provide a high performance wireless
receiver, €.g., a CDMA recerver without the drawbacks of
the known prior arrangements.

SUMMARY

The present invention 1s a receiver which suppresses
inter-cluster multipath interference by processing an impulse
channel response consisting of at least two multipath clus-
ters, each cluster having groups of signals with multiple
delays. In one embodiment, the receiver includes a single
antenna and parallel-connected delay units used to align the
groups of signals before being input 1nto respective sliding
window equalizers. The outputs of the equalizers are com-
bined at chip level via a combiner which provides a single
output. In another embodiment, a cluster multipath interfer-
ence suppression (CMIS) circuit 1s incorporated into the
receiver. The CMIS circuit includes a hard decision unit and
a plurality of signal regeneration units to generate replicas of
the multipath clusters. The replicas are subtracted from the
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2

respective outputs of the delay units and the results are input
to the respective sliding window equalizers. In another
embodiment, multiple antennas are used to receive and
process the clusters.

The present invention 1s also a receiver including at least
one antenna, a first sliding window equalizer, at least one
processing circuit and a combiner. The antenna receives a
transmitted wireless signal having a channel impulse
response with at least one cluster. The processing circuit
processes multipath components of the channel impulse
response outside the window associated with the first sliding
window equalizer. The combiner combines outputs of the
first sliding window equalizer and the at least one processing
circuit.

The first sliding window equalizer has a window length
based on eirther a length of the at least one cluster or a
predetermined cluster length. The at least one processing
circuit may include a second shiding window equalizer
having a window length based on either a length of a second
cluster of the channel impulse response or a second prede-
termined cluster length. The at least one processing circuit
may include a Rake.

BRIEF DESCRIPTION OF THE DRAWINGS

A more detailed understanding of the mvention may be
had from the following description, given by way of
example and to be understood in conjunction with the
accompanying drawings wherein:

FIG. 1A 1llustrates a prior art chip equalizer receiver with
one code;

FIG. 1B 1llustrates a prior art chip equalizer receiver with
two codes;

FIG. 2 illustrates prior art sliding window blocks for
equalizer mput data;

FIG. 3 15 a block diagram of a channel estimation receiver
system 1n accordance with one embodiment of the present
invention;

FIG. 4 15 a block diagram of a dual equalizer receiver in
accordance with one embodiment of the present invention;

FIG. 5 1s a block diagram of a dual equalizer receiver
including a cluster multipath interterence cancellation cir-
cuit 1n accordance with another embodiment of the present
invention; and

FIG. 6 1s a block diagram of a multi-antenna receiver
including a cluster multipath interference cancellation cir-
cuit 1n accordance with another embodiment of the present
invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

The preferred embodiments will be described with refer-
ence to the drawing figures where like numerals represent
like elements throughout.

Preferably, the present invention disclosed herein 1s incor-
porated into a wireless transmit/receive unit (WTRU) and/or
a base station. However, 1t 1s envisioned that the just about
any wireless communication scheme could benefit from the
present 1vention.

Hereimnafter, a WTRU includes but 1s not limited to a user
equipment, mobile station, fixed or mobile subscriber unit,
pager, or any other type of device capable of operating 1n a
wireless environment. Furthermore, a base station includes,
but 1s not limited to, a Node B, site controller, access point
or other mterfacing device 1n a wireless environment.
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The features of the present invention may be incorporated
into an integrated circuit (IC) or be configured 1n a circuit
comprising a multitude of interconnecting components.

The present invention as described herein, 1s generally
applicable to time division duplex (TDD), frequency divi-
sion duplex (FDD), and time division synchronous CDMA
(TDSCDMA), as applied to a universal mobile telecommu-
nications system (UMTS), CDMA 2000 and CDMA in
general, but 1s envisaged to be applicable to other interfer-
ence-limited wireless systems.

The samples of the multipath channel response are {h,,
h,,...,h}. S={s,,s,, ..., s} is the spread data vector
of the transmitted signal and R={r, r,, . .., rr,, ,} are the
samples of the received signals. For this example, the
sampling rate 1s at the chip rate and the relative delays of
multipaths are at multiples of the chip interval. The rela-
tionship between the transmitted and received signals 1s as
follows:

hy Equation 1
hy  hy
: h
R=|h i "~ h|ST+NZE HST +N
hy hy
hr

where N 1s a column vector of the noise samples that are
assumed 1ndependent Gaussian variables with zero mean
and variance o, . The notation “T” denotes transposition.

The chip-level equalizer generates data estimates using
MMSE or ZF criteria as:

Equation 2

T { (H'H + 2" H?R MMSE equalizer

(HAHY " HP R ZF equalizer

where the superscript “H” denotes conjugate transpose (Her-
metian). I 1s a unit diagonal matrix.

For UMTS FDD applications, the signal 1s transmitted
continuously, and a sliding window approach can be used for
data processing.

Referring to FIG. 2, a first block window 205 uses
received input samples R,={r,,r,, ..., 1z, ,_,} with a length
of K+L-1. The chip-equalizer 105 shown 1n FIGS. 1A and
1B generates K samples using equation 2. Among these K
samples, only the M middle part samples 215 are used as the
chip-equalizer 105 output 1n order to remove the “edge
cellect” of a shiding window of the chip-equalizer 105. A
second block window 210 uses input samples R,={r, . .,
.oy Yeoarr 1 b and generates an output of K samples.

Larios -

The main matrix operations for a chip-level MMSE
equalizer are the matrix multiplication H” H and matrix
inversion (H” H+o,1)~', which represents the complexity
of the chip-level equalizer 105 and depends on the size of H.
From the performance point of view, the window size 1s to
be selected as large as possible, 1.e., K 1s much larger than

L. But from the implementation complexity point of view,
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the window size 1s to be selected as small as possible.
Theretfore, 1n order to balance the performance and com-
plexity, K 1s usually 5 to 10 times larger than L.

For most of the channel cases, the delay spread L 1s less
than 20 chips (assuming that the chip rate 1s 3.84 Mc/s). IT
K 1s selected to be 8 times the size of L, then K=8%20=160
chips. But for some channel cases like the test case 2 1n
working group 4 specified in the UMTS standards, the delay
spread can be up to 80 chips, and the window size 1s
K=8*80=640 chips. Since the window size 1s increased 4
times, the complexity will increase more than 16 times. This
large increase 1n complexity leads to an infeasible 1mple-
mentation of a chip-level equalizer for this large delay
spread.

FIG. 3 1s a simplified block diagram of a receiver 300
using space-time (ST) equalization 1n accordance with the
present invention. The receiver 300 may use one or a
plurality of antennas 305A, 305B, a channel estimator 310,
and an ST equalizer 315. A received vector R or multiple
received vectors (corresponding to each antenna 305A and
305B) 1s input into the ST equalizer 315. A channel estimator
310 estimates the channel response H of the received
signals. The ST equalizer 315 produces either a spread data
vector S or a data vector D, based on the implementation. IT

the spread data vector S 1s produced, a dispreading step 1s
used to produce the data vector D.

FIG. 4 1s a block diagram of a receiver 400 which
suppresses cluster multipath interference according to one
embodiment of the present invention. The receiver 400 may
reside within a WTRU and/or a base station. The receiver
400 processes an impulse channel response consisting of
two multipath clusters 405A, 405B, each having groups of
signals 408A, 4088 with multiple delays. Although, for
simplicity, the impulse channel response 1s shown as having
only two clusters, the pulse response may have more clus-
ters. Also, the impulse response may have multipath com-
ponents (typically of lesser magnitude) outside of the clus-
ters. The receiver 400 includes a single antenna 410
connected to two parallel delay units 415, 420 used to align
the groups of signals 408 A, 408B. The output of each of the
delay units 415, 420, 1s connected to an mnput of a respective
sliding window equalizer 425, 430. The equalizers 425, 430,
preferably use MMSE equalizers, although other equalizers
may be used. The outputs of the sliding window equalizers
425, 430, are combined via a combiner 435 which provides
a single output 440, such as a spread data vector S or data
vector D.

Within each cluster 405A, 4035B, the spread between the
multipath delays 1s relatively small. However, the delay in
time domain between the two clusters 405A, 405B, is, 1n
comparison, very large. Each of the two sliding window
equalizers 425, 430, reduce interference associated with a
respective cluster 405A, 4058, while minimizing the size
requirements of the sliding window used by the equalizers
425, 430. Thus, the complexity of the equalizer components
1s reduced because the size of the window i1s reduced. The
number of clusters processed may be increased by adding
more delay unmits and sliding window equalizers. In some
embodiments, some equalizers, such as equalizer 430, may
be replaced with a Rake recerver.

The output 440 of the combiner 435 may be defined by
Q7_Q 7,Q T
ST=S,7+S,
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where

S; =

i

T { (H™ H; + crzﬂfj_leHR MMSE equalizer

(H H,) "HM R ZF equalizer

S.7 (i=1,2) is the output of equalizer 425 or 430, and H.
(1=1,2) 1s the channel response of cluster 405A or 405B.

To 1llustrate using FIG. 4, the impulse response has a
length of L,. A first cluster 405A has a length of L ~, and the
second cluster 4058 has a length of L. Instead of utilizing
a sliding window equalizer configured to process a window
of at least L, in size, the sliding window equalizers can be
configured to process a window of at least L -, or L~ 1n size.
As 1illustrated in FIG. 4, each cluster 405A, 4058 has a
length L,,, L.,, substantially shorter than L, In many
impulse response profiles, the cluster length L ,, L, 1s far
less than the delay between the clusters, although some
profiles may have a smaller delay between clusters. Due to
the decreased window size, considerable complexity reduc-
tion can be achieved in the sliding window equalizers.

To support diversity between two cells, one equalizer 425,
430, may be assigned to each respective cell. If support of
more cells 1s desired, or 1f simultaneous support of more
cells and large delay spread signals 1s desired, more equal-
izer elements may be added, with, typically, at least one
equalizer element per cell. However, the general combining
principle would be the same as for the two-equalizer element
case described above. The timing of the signal clusters
transmitted by a base station may actually coincide in the
code-phase (delay plane). However, since the clusters are
typically implemented using different signature codes (such
as scrambling codes), different equalizer elements may be
applied.

The application of this receiver structure to multi-cell
macro-diversity combining requires certain synchronization
of the transmission of the (same) data from diflerence
sources (cells). This 1s a recognmized requirement and 1s
addressed 1n any cellular communication system that sup-
ports macro-diversity 1n the downlink. For example, UMTS
FDD synchronizes transmission of data from different cells
to within 292 chips. The residual delay can then be removed
by an additional synchronization circuit at the receiver,
which 1s essentially an extended delay bufler that 1s already
present.

FIG. 5 1s a block diagram of a recerver 500 which
suppresses cluster multipath interference according to
another embodiment of the present invention. The receiver
500 may reside within a WTRU and/or a base station. The
receiver 500 processes an impulse channel response con-
s1sting of two multipath clusters 505A, 505B, each having
groups ol signals 508A, 508B with multiple delays. The
receiver 500 includes a single antenna 510 connected to two
parallel delay units 515, 520 used to align the groups of
signals 508A, 508B. The output of each of the delay units
515, 520, 1s connected to respective first inputs of summers
525, 530, which, 1n turn, connect to the inputs of respective
sliding window equalizers 335, 540. The equalizers 335,
540, may be chip-level MMSE equalizers. The outputs of the
sliding window equalizers 535, 540, are combined via a
combiner 545 which provides a single output 550. A CMIS
circuit 552 1s connected between the output 550 of the
combiner 545 and respective second 1nputs of the summers
525, 530. The CMIS circuit includes a hard decision unit 555

having an mput connected to the output 550 of the combiner
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545, and two signal regeneration units 560, 565, which are
connected between an output of the hard decision unit 555
and the respective second inputs of the summers 525, 530.
The signal regeneration units 360, 565, produce the contri-
bution of each cluster to the receiver vector. The summer
525 subtracts the output of the signal regeneration unit 560
from the output of the delay unit 515 and outputs a first result
to the input of the slhiding window equalizer 535. The
summer 330 subtracts the output of the signal regeneration
unit 5635 from the output of the delay unit 520 and outputs
a second result to the mnput of the sliding window equalizer
540. Effectively, the summers 525, 530, remove the contri-
bution of one or multiple clusters from the received vector,
prior to processing by the sliding window equalizers 535,

540.

The output 550 of the combiner 545 may be defined by
QT_Q 7T,Q 7T
S*=S,"+S,

where

(H'H + o2 "HY R, MMSE equalizer

. (HPH) ' HIR; ZF equalizer

S.7 (i=1,2) is the output of equalizer 535 or 540, H, (i=1,2)
1s the channel response of cluster S05A or 505B, and R;
(1=1,2) 15 a received signal with interference (from the other
cluster) removed or subtracted.

As with FIG. 4, within each cluster 505A, 505B, the
spread between the multipath delays 1s relatively small.
However, the delay 1n time domain between the two clusters
505A, 5058, 1s very large. In an alternate embodiment, one

of the equalizers, such as the equalizer 540 may be replaced
with a Rake.

The output 550 of the combiner 545 1s used by the hard
decision unit 555 to detect the transmitted signal by making
a hard-decision. The signal regeneration unit 560 generates
a replica of cluster 505B and the signal regeneration unit 565
generates a replica of cluster S05A. After generating the
replicas of the two clusters 505B, S05A, they are subtracted
from the aligned signals output from respective delay units
515, 520, via the summers 325, 530, respectively. If more
than two clusters are processed, the contribution of multiple
clusters 1s removed by each summer.

FIG. 6 1s a block diagram of a multi-antenna receiver
including a CMIC circuit 1n accordance with another
embodiment of the present invention. The receiver 600 may
reside within a WTRU and/or a base station. The recetver
600 processes an impulse channel response consisting of
two multipath clusters 605A, 6058, each having groups of
signals 608A, 6088 with multiple delays. The receiver 600
includes at least two antennas 610A, 610B. Antenna 610A 1s
connected to two parallel delay units 615A, 620A, used to
align the groups of signals 608A, 608B, received via the
antenna 610A. Antenna 610B 1s connected to two parallel
delay units 615B, 6208, used to align the groups of signals
608A, 608B, recerved via the antenna 610B. The output of
cach of the delay units 6135A, 615B, are connected to
respective first inputs of summers 623, 630, which, in turn,
connect to the mputs of a sliding window equalizer 645. The
output of each of the delay units 620A, 6208, are connected
to respective first mputs of summers 635, 640, which, n
turn, connect to the inputs of a sliding window equalizer
650. The outputs of the sliding window equalizers 645, 650,
are combined via a combiner 655 which provides a single
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output 660. A CMIS circuit 1s connected between the output
660 of the combiner 653 and respective second 1nputs of the
summers 625, 630, 635, 640. The CMIS circuit includes a
hard decision unit 665 having an input connected to the
output 660 of the combiner 655, and four signal regeneration
units 670, 675, 680, 685, which are connected between an
output of the hard decision unit 665 and the respective

second 1nputs of the summers 625, 630, 635, 640.

The summer 625 subtracts the output of the signal regen-
eration unit 670 from the output of the delay unit 615A and
outputs a first result to the input of the slhiding window
equalizer 645. The summer 630 subtracts the output of the
signal regeneration unit 675 from the output of the delay unit
6158 and outputs a second result to the input of the sliding
window equalizer 645.

The summer 635 subtracts the output of the signal regen-
eration unit 680 from the output of the delay unit 620A and
outputs a third result to the mput of the sliding window
equalizer 650. The summer 640 subtracts the output of the
signal regeneration unit 683 from the output of the delay unit
6208 and outputs a fourth result to the mput of the sliding
window equalizer 650. In an alternate embodiment, one or
more of the shiding window equalizers may be replaced by

a Rake.

The output 660 of the combiner 655 1s used by the hard
decision unit 665 to detect the transmitted signal by making
a hard-decision. The signal regeneration units 670, 675,
generate a replica of the cluster 605B and the signal regen-
eration units 680, 685, generate a replica of the cluster 605A.
After generating the replicas of the two clusters 605B, 605A,
they are subtracted from the aligned signals output from
respective delay units 615A, 6158, 620A, 620B, via the

summers 6235, 630, 635, 640, respectively.

In a UMTS CDMA system, the present invention 1s
applied to a large delay-spread channel and a single base
station. However, the present invention also applies to
multiple base stations. In the test case 2 of the UMTS
wideband CDMA standard, the channel transmission profile
has 3 paths with equal gain power and with the delay of O,
960 ns and 20,000 ns. The first two paths are treated as the
first cluster and a MMSE equalizer receiver 1s used to detect
the signal. The last path 1s treated as a single path 1n the
second cluster and a Rake receirver 1s used to detect that path.

While the present invention has been described in terms
of the preferred embodiment, other vanations which are
within the scope of the invention as outlined in the claims
below will be apparent to those skilled in the art.

What 1s claimed 1s:
1. A receiver comprising;:

(a) a plurality of antennas for receiving wireless signals,
cach wireless signal having a channel impulse response
with at least one cluster;

(b) a plurality of signal regeneration units, each signal
regeneration unit being configured to generate a replica
of the cluster associated with a respective one of the
wireless signals received by the antennas;

(c) a plurality of summers, each summer being configured
to subtract the replica of the cluster generated by a
respective signal regeneration unit from a respective
signal recerved by a respective one of the antennas; and

(d) a first sliding window equalizer having a window
length based on eirther a length of the at least one cluster
or a predetermined cluster length.
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2. The receiver of claim 1 further comprising:

(e) at least one circuit for processing multipath compo-
nents of the channel impulse response outside the
window associated with the first sliding window equal-
1Z€er:

(1) a combiner for combiming outputs of the first sliding
window equalizer and the at least one circuit; and

(g) a hard decision unit coupled to an output of the
combiner and to the signal regeneration units, wherein
the at least one circuit comprises a second sliding
window equalizer having a window length based on
cither a length of a second cluster of the channel
impulse response or a second predetermined cluster

length.

3. The receiver of claim 2 wherein the at least one circuit
comprises a Rake.

4. The recerver of claim 1 wherein the window length of
the first sliding window equalizer 1s a multiple of the length
of the at least one cluster or the predetermined cluster length.

5. The recetver of claaim 1 wherein the predetermined
cluster length 1s a maximum expected cluster length.

6. The receiver of claim 1 wherein the predetermined
cluster length 1s a multiple of a typical expected cluster

length.
7. A wireless transmit/recerve unit (WTRU) comprising:

(a) a plurality of antennas for receiving wireless signals,
cach wireless signal having a channel impulse response
with at least one cluster;

(b) a plurality of signal regeneration units, each signal
regeneration unit being configured to generate a replica
of the cluster associated with a respective one of the
wireless signals received by the antennas;

(¢) a plurality of summers, each summer being configured
to subtract the replica of the cluster generated by a
respective signal regeneration unit from a respective
signal received by a respective one of the antennas; and

(d) a first sliding window equalizer having a window
length based on either a length of the at least one cluster
or a predetermined cluster length.

8. The WTRU of claim 7 further comprising:

(¢) at least one circuit for processing multipath compo-
nents of the channel impulse response outside the
window associated with the first sliding window equal-
1Z€er:

(1) a combiner for combiming outputs of the first sliding
window equalizer and the at least one circuit; and
(g) a hard decision unit coupled to an output of the
combiner and to the signal regeneration units, wherein
the at least one circuit comprises a second sliding
window equalizer having a window length based on
cither a length of a second cluster of the channel
impulse response or a second predetermined cluster

length.

9. The WTRU of claim 8 wherein the at least one circuit
comprises a Rake.

10. The WTRU of claim 7 wherein the window length of

the first sliding window equalizer 1s a multiple of the length
of the at least one cluster or the predetermined cluster length.

11. The WTRU of claim 7 wherein the predetermined
cluster length 1s a maximum expected cluster length.

12. The WTRU of claim 7 wherein the predetermined
cluster length 1s a multiple of a typical expected cluster

length.

13. An mtegrated circuit (IC) embedded 1n a recerver
having a plurality of antennas for receiving wireless signals,
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cach wireless signal having a channel impulse response with
at least one cluster, the IC comprising:

(a) a plurality of signal regeneration units, each signal
regeneration unit being configured to generate a replica
of the cluster associated with a respective one of the
wireless signals received by the antennas;

(b) a plurality of summers, each summer being configured
to subtract the replica of the cluster generated by a
respective signal regeneration unit from a respective
signal received by a respective one of the antennas; and

(c) a first sliding window equalizer having a window
length based on either a length of the at least one cluster
or a predetermined cluster length.

14. The IC of claim 13 further comprising:

(d) at least one circuit for processing multipath compo-
nents of the channel impulse response outside the
window associated with the first sliding window equal-
1Zet:

(¢) a combiner for combining outputs of the first sliding
window equalizer and the at least one circuit; and

10

() a hard decision unit coupled to an output of the
combiner and to the signal regeneration units, wherein
the at least one circuit comprises a second sliding
window equalizer having a window length based on

cither a length of a second cluster of the channel
impulse response or a second predetermined cluster

length.

15. The IC of claim 14 wherein the at least one circuit

1o comprises a Rake.
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16. The IC of claim 13 wherein the window length of the

first sliding window equalizer 1s a multiple of the length of
the at least one cluster or the predetermined cluster length.

17. The IC of claim 13 wherein the predetermined cluster

length 1s a maximum expected cluster length.

18. The IC of claim 13 wherein the predetermined cluster

length 1s a multiple of a typical expected cluster length.
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